We present a detailed study of the electronic properties of CdSe nanocrystals in the absence and presence of a dielectric medium. The electronic structure of the nanocrystal is modeled within the framework of the empirical pseudopotential method. We use a real-space grid representation of the wave function, and obtain the eigenvalues and eigenstates of the one-electron Hamiltonian using a slightly modified version of the filter-diagonalization method. The band gap, density of states, charge density, multipole moments, and electronic polarizabilities are studied in detail for an isolated nanocrystal. We discuss the implications of the results for the long range electrostatic and dispersion interactions between two CdSe nanocrystals. To study the effects of the surroundings we develop a self-consistent reaction field method consistent with the empirical pseudopotential method. We use the eigenstates of the isolated nanocrystal and iterate the self-consistent equations until converged results are obtained. The results show that the electronic properties of polar CdSe nanocrystals are quite sensitive to the environment.
I. INTRODUCTION
The interest in semiconductors which are spatially confined to a few tens of nanometers, and which contain hundreds of atoms, has increased in recent years. [1] [2] [3] [4] [5] [6] [7] [8] [9] The development of experimental methods along with improvements in epitaxial growth techniques, [10] [11] [12] [13] has made it possible to study various electronic properties of semiconductor nanocrystals in great detail. In particular colloidally prepared CdSe nanocrystals have received much of the experimental attention. 10, 11, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] The experimental interest in CdSe nanocrystals has raised a number of questions that require the use of electronic structure theory for a complete explanation. Exact electronic structure calculations of CdSe nanocrystals are extremely difficult in view of the large number of atoms and electrons involved, 27 and the lack of periodicity. Therefore, several approximate theoretical methods and models have been developed in the last few years. The simplest approach is based on the effective mass approximation, [28] [29] [30] [31] which can be extended to incorporate multiband couplings, 32 i.e., band mixing induced by the effect of finite size. 23, [33] [34] [35] [36] Another approach is based on the widely used tight binding model, 37 where explicit atomic structure of the nanocrystals is considered. [38] [39] [40] [41] [42] A third approach is based on the empirical pseudopotential method, 43 and is the one we adopt in the present study. The pseudopotential method has been applied to a variety of semiconductor nanocrystals at different levels of approximation, and has provided excellent agreement with experimental results. Most theoretical studies have focused on the absorption spectrum of isolated nanocrystals, and neglected the interaction of the nanocrystals with the environment. However, since CdSe nanocrystals are typically deposited on thin films or embedded in glassy materials, it is important to understand the effects of the surroundings on the electronic properties. This is the main goal of the present study. Motivated by the work of Brus 29, 68 who treated the solvation of nanocrystals using both a classical dielectric continuum model and an effective mass approximation, we develop a model for the electronic structure of a CdSe nanocrystal which is based on the empirical pseudopotential method, 43 and study the solvation of nanocrystals within the reaction field continuum model. [69] [70] [71] Our treatment is different from the effective mass approximation in that we explicitly consider the molecular structure of the nanocrystal, and we describe the solvation of the nanocrystal quantum mechanically.
In Sec. II we provide the details of our model, which include the direct empirical pseudopotential method and the self-consistent reaction field method. We first describe the construction of the empirical pseudopotential suitable for the finite size calculations of CdSe nanocrystals along with the details of the surface passivation. Next, we describe the filter-diagonalization method [72] [73] [74] [75] [76] and introduce some modifications. The filter-diagonalization method is used to obtain the eigenstates and eigenvalues of the screened one-electron Hamiltonian, and as far as we know, this is the first study of electronic structure using this method. The last part of this section is devoted to the development of a self-consistent reaction field method consistent with the empirical pseudopotential method.
The electronic properties of isolated CdSe nanocrystals are discussed in Sec. III. We study the density of states and the band gap of a nanocrystal in the strong confinement re-gime, with diameters ranging from 15 to 50 Å. The electronic properties are then discussed in terms of electronic charge densities, multipole moments, and polarizabilities. The long range electrostatic and dispersion interaction between nanocrystals are directly related to these properties.
The influence of a dielectric medium outside the nanocrystal is discussed in Sec. IV for collective and single state properties. We also discuss the effects of an excess electron in a CdSe nanocrystal which is assumed to occupy the lowest unoccupied molecular orbital ͑LUMO͒ state. A summary of the results is given in Sec. V.
II. MODEL AND METHODS
In this section we provide the details of the numerical calculations. First, we describe the pseudopotential for CdSe and the modifications needed in the study of CdSe nanocrystals, including the passivation of the surface. Next we outline the method we use to obtain the eigenstates and eigenvalues of the screened one-electron Hamiltonian. Finally, we develop a reaction field method consistent with the empirical pseudopotential method. Throughout, the following notation is used: A vector is denoted by a bold face, an operator by a hat, and a matrix by a tilde.
A. The direct pseudopotential method
The use of empirical pseudopotential methods to calculate the electronic structure of semiconductor nanocrystals has been very fruitful. Ramakrishna et al. have introduced the truncated crystal method, [44] [45] [46] [47] [48] [49] [50] in which the bulk empirical Hamiltonian is diagonalized using several bulk Bloch wave functions, and the energy levels of the nanocrystals are obtained by imposing appropriate boundary conditions on the wave functions. Mizel and Cohen [65] [66] [67] have introduced a Wannier function approach, in which the electronic properties of a nanocrystal are described in terms of several localized Wannier wave functions. Unlike the truncated crystal method which imposes the boundary conditions in momentum space ͑e.g., only allowed k states which correspond to standing waves in the sphere are used͒, the Wannier function approach uses the real space positions of the atoms to describe the boundary of the nanocrystal. Both methods assume an infinite potential outside the core region, which simplifies the numerical calculations, but this approach is not appropriate when a continuum dielectric model of the solvent is introduced. Zunger and collaborators have developed a direct molecular method, [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] which is the one we adopt in the present work. The direct method has been used to predict quantum confinement effects, such as the size dependent band gap, and the exciton Coulomb and exchange energies. [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] The direct molecular method starts from a microscopic one-electron Hamiltonian, however, since a full ab initio calculation is impractical, the Hamiltonian is simplified, and the exact total screened potential is replaced by a superposition of empirical atomic pseudopotentials. The one-electron Hamiltonian takes the form ͑in atomic units͒
where R ␣ is the position of atom ␣, and the index ␣ runs over all atoms. V ␣ is the effective pseudopotential of atom ␣ ͑i.e., Cd or Se atoms͒, which is adjusted to fit experimental or ab initio data. The last term represents the ligand potentials used to passivate the surface atoms, where the index ␤ runs over all the ligand sites defined below.
In the present work we construct an empirical pseudopotential based on the traditional Bergstresser and Cohen local empirical pseudopotential for CdSe. 77 We use a local potential to minimize the computational effort required to incorporate the effects of the surroundings ͑the Hamiltonian with the local potential has a smaller energy range compared to the Hamiltonian with a nonlocal potential͒. The local potential is well known to underestimate the band dispersion and is inadequate in reproducing the shallow d-band in Cd. 43 Nevertheless, it provides qualitative agreement with experiments 43 and thus is sufficient to provide a qualitative description of the effects of the surroundings.
In the classic empirical pseudopotential methods, 43 ,78 the pseudopotential is defined only on the discrete bulk reciprocal lattice vectors. However, to properly describe a nanocrystal, one needs a continuous potential because of the breakdown of translational symmetry. For precisely this reason, we use the following functional form ͑in momentum space q) for Cd and Se pseudopotentials
where qϭ͉q͉. This form has been used in the study of the electronic structure of semiconductor surfaces 79, 80 and of silicon nanocrystals. 51 We fit the parameters a j ( jϭ1 -4) to the bulk band structure obtained from the Bergstresser and Cohen empirical pseudopotential 77 for both hexagonal and zincblende crystal structures. The results are shown in Fig. 1 , and the agreement between the two calculations for the band structure is very good. The parameters for both crystal structures are given in Table I . Since the fits involve only eight parameters, it is rather straightforward to efficiently sample the relevant range of parameters. 81 Using our new pseudopotential we find that the band gap for the hexagonal crystal structure is 1.82 eV (1.80 eV using Bergstresser and Cohen empirical pseudopotential͒, and for the zincblende crystal structure is 1.81 eV (1.84 eV using Bergstresser and Cohen empirical pseudopotential͒. Both results lie near the experimental value of 1.74Ϯ0.1 eV for the hexagonal crystal structure. 82 We note that the treatment of the spin-orbit interactions in our model is the same as in the work of Bergstresser and Cohen. 77 The pseudopotentials are shown in Fig. 2 along with the discrete values of Bergstresser and Cohen. 77 The value of the Cd and Se potentials at qϭ0 only determines the offset of the bands for bulk calculations and not the spacings between the levels. For this reason, their values were not given in the original work of Bergstresser and Cohen. 77 The results ͑sym-bols͒ shown for qϭ0 are obtained from the experimental work function 83 which equals the sum of the two potentials at qϭ0, along with the value of the difference between the Cd and Se potentials at qϭ0 taken from the local part of the Wang and Zunger semiempirical potential. 83 The other ingredient needed to complete the description of our Hamiltonian ͑which is not required for bulk calculations͒ is the surface passivation. We adopt the ''ligand potential'' model of Wang and Zunger, 54 which places a short range electrostatic potential near the surface atoms. The effective ligand potentials are taken to be Gaussians
The origin of the ligand potential, S ␤ , is taken to be in the direction of the missing bonding atom, and the distance to the passivated atom equals ␣R e , where ␣ varies depending on the atom type and the number of missing bonds; R e is the Cd-Se bulk bond length. For hexagonal and zincblende CdSe nanocrystals a surface atom may have 1, 2 or 3 missing bonds, and therefore, the same number of ligand sites, respectively. The values of V ␤ 0 , ␤ and ␣ are given in Table  II .
B. Filter diagonalization
It is not feasible to diagonalize directly the one-electron Hamiltonian described in Eq. ͑1͒ to obtain the desired eigenvalues and eigenstates, even for relatively small nanocrystal sizes, since we use a basis set of more than 32 768 functions even for the smallest nanocrystals. However, we must keep in mind that we are not interested in all eigenvalues and eigenstates of Eq. ͑1͒, but rather in a small set of them. We, therefore, use the filter-diagonalization method of Neuhauser and co-workers, [72] [73] [74] [75] [76] and introduce some small modifications.
We represent the wave functions on a three dimensional grid in real space. [84] [85] [86] This real-space representation of the wave function has recently been proposed in the context of nanocrystallite semiconductors. 87 In this representation the potential energy operator is local and is simply calculated on the grid points. Since our potential is a screened empirical pseudopotential, the long and short range Coulomb anomalies are absent, and the real-space representation converges rapidly outside the nanocrystal regime. The kinetic energy operator is nonlocal in this representation, and is evaluated using the fast Fourier transform method. We start with N i initial guess wave functions, ͉ i ͘, which contain the target energy range. In this work the initial guess for the value of the wave function on the grid points is taken from a uniform random distribution between Ϫ1 and ϩ1, and the wave function is then normalized. This choice ensures that each initial guess contains contributions from all eigenstates. We then employ a Gaussian filter on each initial guess
so that the wave function ͉ i (E l )͘ is given by
and E l is the target energy. The choice of the Gaussian filter is not unique, and other filters can be used to obtain various electronic properties. For example, one can replace f (Ĥ ) with the Fermi-Dirac operator (͓1ϩexp(␤(Ĥ Ϫ))͔ Ϫ1 ), 90 which was recently shown to provide extremely fast convergence for the electronic density matrix. 91 Another useful choice for the filter is f (Ĥ )ϭsin((E l ϪĤ )t)/(E l ϪĤ ), which may converge the results faster than the Gaussian filter. 92 For large values of t , ͉ i (E l )͘ approaches asymptotically the eigenstate closest to the target energy E l . 93 The long time propagation can be avoided by using the filterdiagonalization scheme, [72] [73] [74] [75] [76] which benefits from the fact that the states far from the desired energy, E l , decay rapidly even at short times. Thus, N f states are generated from the N i initial guess wave functions using a small value of t . The number of filter states (N f ) differs from the number of initial guess function (N i ) since we employ the filter at different energies on the same initial guess ͑this is done to save computer time͒. [72] [73] [74] [75] [76] Note that the filtered states are not eigenstates of the Hamiltonian but are a superposition of states with energies that are inside the window. These states are used as a basis set to obtain the eigenvalues (E n ) and eigenstates (͉ n ͘) of the Hamiltonian in the desired energy range. 
H c ϭS c E, ͑7͒
where
A standard singular value decomposition method is used to solve the linear equation. 75, 94 This procedure resembles the renormalization group method of Baer and Head-Gordon. 95 In the original filter-diagonalization method, 72 and its most recent variation, 75 the propagator f (Ĥ ) is expanded in Chebyshev polynomials. A difficulty with this choice of polynomials is that the expansion coefficients are calculated numerically, and various numerical tricks are introduced to converge the results for the coefficients. 75 To avoid these difficulties we use the Newton interpolation polynomial scheme, 85, 96, 97 where the propagator, f (Ĥ ), is approximated by the interpolation polynomial
and the coefficients take the form
In the above equations, h k are the support points taken to be the zeros of the Nϩ1 Chebyshev polynomial. 98 This choice defines the points on the interval ͓Ϫ2,ϩ2͔, and the Hamiltonian is rescaled so that its spectrum lies in the desired interval
E min and E max are the lowest and highest eigenvalues of the Hamiltonian, respectively. The operator Ĥ s is the one we use in the interpolation formula. The final results for the propagated wave function is
and we use the recursion relation to generate the
͑15͒
The main advantage of the filter-diagonalization method is that one can use the same initial guess for different values of E l , and thus use the same interpolation polynomial ͑with different expansion coefficients͒ to obtain many states simultaneously. There is a balance between the propagation width ( t ) and the number of linearly independent states one obtains from propagating a single initial guess state. This balance is related to the energy spacing and the energy range of the Hamiltonian. In this work we set the propagation width so that we obtain ϳ20 states for each initial guess functions.
Therefore, we apply the filter to several different initial guess function to obtain all states in the desired energy range.
C. The self-consistent reaction-field method
We use the reaction field continuum model, [69] [70] [71] to study the solvation of the CdSe nanocrystal. The treatment of explicit solvent structures is left for future study. Here we develop a quantum mechanical approach which is consistent with the empirical pseudopotential method.
The nanocrystals studied in this work are taken to be spherical with a corrugated surface, and are arranged in the hexagonal crystal structure ͑unless otherwise noted͒. The reaction field continuum model requires as an input the specific shape of the boundary of the solvated particle. In this work we assume a spherical boundary with a given radius R c , 29, 68 and thus neglect the surface corrugation due to the microscopic atomic structure. Since the solution of the reaction field inside the sphere for a given charge distribution is known analytically, 99 there is no need to solve the Poisson equation. 100 The starting point of our derivation is the reaction field Hamiltonian within the Born-Oppenheimer approximation 101 ,102
where Ĥ ␣ is given by Eq. ͑1͒ for each electron ␣. The multipole moment operator for N e electrons, and N n nuclei is given by
where r ␣ and ␣ are the position operators in polar coordinates for electron ␣, R ␣ , and ⍀ ␣ are the polar coordinates of atom ␣, Y l m (⍀) are the spherical harmonics, and Q ␣ is the nuclear charge of atom ␣ ͑which is taken to be the valence charge of each atom, i.e., ϩ2 for Cd and ϩ6 for Se͒. The coupling factors, g l , are given by
where ⑀ is the dielectric constant outside the sphere of radius R c . In the spirit of the one-electron empirical pseudopotential method, we take the total wave function to be a product of one-electron wave functions
and we populate only two electrons in each state similar to a density functional formalism. The many-electron Hamiltonian in Eq. ͑16͒ is separable, and after some tedious algebra is reduced to a single-electron Hamiltonian given by
where P l (cos(␥)) are the Legendre polynomials, ␥ is the angle between the position vectors r and x, and the total charge density (x) is
The pseudopotential reaction-field Hamiltonian ͓cf. Eq. ͑20͔͒ depends on the total electronic charge, and is therefore, nonlinear. The solution is obtained by iterating the Schrödinger equation until convergence is achieved, i.e., until the total energy of two iterations agree within a specified tolerance.
III. ELECTRONIC PROPERTIES OF ISOLATED CDSE NANOCRYSTALS A. Density of states and band gap
The first set of calculations is performed on isolated nanocrystals in order to study the dependence of the density of states and the band gap on nanocrystal size using our pseudopotential. We use a real space grid of 32ϫ32ϫ32 for the small nanocrystals ͑14 ÅрdϽ20 Å where d is the diameter͒, 48ϫ48ϫ48 for the medium size nanocrystals (20 ÅрdϽ30 Å), and 64ϫ64ϫ64 for the large nanocrystals (30 ÅрdϽ40 Å), etc. The range of the grid is larger than the nanocrystal diameter by 6 -8 atomic units. For all the results reported in this section we use an Newton interpolation of length Nϭ2048 unless otherwise noted. The propagation width ͓cf. Eq. ͑5͔͒ is determined from the relation
and a typical energy range is E max ϪE min Ϸ10 atomic units. The density of states for each nanocrystal is obtained by applying the filter-diagonalization method described in the previous section. A set of initial random trial functions, which contained the desired energy range, is propagated using the Gaussian filter, and then used to solve the generalized eigenvalue equation ͓cf. Eq. ͑7͔͒. We note that our approach is closely related to the generalized moment approach, recently applied to nanocrystals, 103 however, additional work is done in order to obtain the eigenstates, which are then used for other purposes ͑see below͒. In return, the density of states is much more accurate.
In Fig. 3 we plot the density of states for a wide range of nanocrystal sizes. For clarity of presentation the lower valence band, which is characterized by the surface states of the Se atoms that have missing bonds, is not shown. There are several interesting features of the density of states which have been seen in all previous studies. As the nanocrystal size increases the gap decreases ͑see also Fig. 4͒ and the width of the upper valence band increases ͑the lower valence band is not shown͒. We also observe that the continuous tail of the density of states above the conduction band observed in bulk calculations breaks into several individual peaks due to quantum confinement. The individual valence states form a continuum density of states only on the scale of the plot.
In panels ͑c͒ and ͑d͒ we show the density of state for two nanocrystals that are identical in size, however, one is centered around the Se atom (Cd 68 Se 69 ) and the other is centered around the center of the unit cell (Cd 68 Se 68 ). We refer to these two types of nanocrystals as ''Se-centered'' and ''cell-centered,'' respectively. The density of states and the band gap are very similar for these two nanocrystals, however, we find that the total number of electronic states below the gap equals the number of paired electrons only for Cd 68 Se 68 , and there is an ''excess'' state for Cd 68 Se 69 . This is also the case for other nanocrystals studied here, and in general we find missing states when N Cd ϾN Se , and excess states when N Cd ϽN Se . For N Cd N Se the total number of states below the gap ͑i.e., valence states͒ does not equal the total number of paired valence electrons.
The missing-excess states are artifacts of the surface passivation of the nanocrystals. The ligand potentials ͓cf. Eq. ͑3͔͒ ''push'' the states of the Cd atoms ͑with missing bonds͒ into the conduction band, and the Se atoms ͑with missing bonds͒ into the valence band, so that the gap is free of surface states. Physically, the Cd atoms ͑with missing bonds͒ can be regarded as donors, and the Se atoms ͑with missing bonds͒ as acceptors. Since the total number of states is much larger than the number of missing-excess states ͑the later depends on ͉N Cd ϪN Se ͉) the net effect of this phenomena on the density of states is negligibly small, as can be clearly seen in Fig. 3 . Because of this artifact, our present calculation does not correctly yield the states localized on the surface atoms, however, since we know exactly the number of missing-excess states, we can correctly predict the number of occupied states, and thus obtain the band gap and other electronic properties. We further discuss this point below, when we present the results for the electronic charge calculations.
The exciton energies with and without the electron-hole Coulomb energy ͑defined below͒ are shown in the lower and upper panels of Fig. 4 , respectively. The results are compared to other calculations, 42, 54 and to experimental results. 11, 14, 15, 17, 104 The valence band maximum ͑VBM͒ and the conduction band minimum ͑CBM͒ are obtained by filtering two states, one with a target energy slightly above the VBM (E m ϭϪ5.4 eV͒, and the other with a target energy slightly below the CBM (E m ϭϪ3.8 eV͒. We thus avoid the need to compute all valence states and focus on obtaining only the highest occupied molecular orbital ͑HOMO͒ and LUMO, a procedure that scales linearly with the system size.
The propagation width ( t ) is chosen to converge the value of the gap, A typical value of the standard deviation is found to be below 10 Ϫ8 atomic units. Due to the higher density of states near the VBM, the HOMO converges more slowly than the LUMO. We, therefore, use a larger Newton interpolation length for the HOMO, and for similar reasons increase the Newton interpolation length with the size of the nanocrystal.
We follow the procedure suggested by Wang and Zunger 54 to obtain the exciton energy, which is given by In the upper panel of Fig. 4 we compare our results for the exciton energies excluding the electron-hole Coulomb term ͓i.e., the bare gap energies E g (d)], to the results obtained by Wang and Zunger 54 using the local density derived semiempirical pseudopotentials. 83 The agreement between the two calculations is very good, albeit the fact that the scaling with respect to the nanocrystal size is somewhat different. In the lower panel of Fig. 4 We conclude that our local empirical pseudopotential provides realistic description for the density of states and the band gap, and therefore, is adequate to use for other electronic properties reported below.
B. Electronic charge density
The electronic charge density, e (r), is given in terms of the eigenstates of the Hamiltonian ͓Eq. ͑1͔͒
where the sum runs over all occupied states. To ensure that the nanocrystal is neutral we normalize the electronic charge density, so that the total electronic charge equals the total nuclear charge ͑in the present calculations we describe only the valence charge, i.e., 2 Cd electrons and 6 Se electrons͒. This is required due to the problem mentioned in the previous subsection concerning the missing-excess states. Since the number of missing-excess states is relatively small compared to the total number of occupied states, their effect on the electronic charge density should be negligibly small.
We note in passing that the electronic charge density can be obtained from the trace over the electronic density matrix, which can be approximated by the Chebyshev ͑or Newton͒ expansion of the Fermi-Dirac density matrix. 90, 91 For the present problem we find that our implementation of the filter-diagonalization method is more efficient than the onestep renormalization group method recently introduced by Baer and Head-Gordon, 95 since we obtain several states simultaneously using the same Newton interpolation polynomial.
The integrated electronic charge density along the ͓100͔ ͑x axis͒, ͓010͔ ͑y axis͒, and ͓001͔ ͑z axis which is the c axis of the hexagonal lattice͒, is shown in Figs. 5 and 6. The general features common to all nanocrystals are that the electronic charge is centered around the Se atoms consistent with predictions of density functional calculation for bulk CdSe 107 and with high resolution electron microscopy results, 18 and that the electronic charge drops rapidly outside the nanocrystal range.
In Fig. 5 we compare the integrated electronic charge density for nanocrystals that are identical in size, however one is Se-centered (Cd 68 Se 69 ) and the other is cell-centered (Cd 68 Se 68 ). Even though the two nanocrystals are very similar in size, their electronic properties are somewhat different. The Cd 68 Se 69 nanocrystal belongs to the C 3v group symmetry, which is found to be the group symmetry of highly annealed hexagonal CdSe nanocrystals. 18 The top and bottom surfaces along the z direction are Cd and Se terminated, respectively. The electronic charge density reflects mainly the symmetry of the Se atoms, so that along both the x and z directions the electronic charge density is symmetric around the center ͑the x direction is chosen to lie in one of the v planes of reflection͒. The Cd 68 Se 68 is cell centered, and therefore, belongs to a lower symmetry group. The major differences between the two charge densities are in the x Ϫy plane. We note that for both nanocrystals we remove surface atoms with only one remaining bond.
In Fig. 6 we plot the integrated electronic charge density of three nanocrystals ranging from dϷ20 Å to dϷ30 Å; all three nanocrystals are Se-centered, and belong to C 3v group symmetry. They differ with respect to the details of the reconstruction of the surface geometries. The top surface along the z direction is Cd terminated for Cd 83 Se 81 and Cd 151 Se 147 , and is Se terminated for Cd 232 Se 251 . The bottom surface along the z direction is Se terminated for all three nanocrystals. Similar to the case of the smaller nanocrystal (Cd 68 Se 69 ), the electronic charge density along the x and z directions is symmetric around the center.
C. Multipole moments
Given the electronic charge density, we calculate the dipole and higher multipole moments of several nanocrystals. Our calculations are based only on the valence electronic and nuclear charge densities, within the empirical pseudopotential framework. The origin of the multipole expansion is taken to be the center of the total ͑electronicϩnuclear͒ charge densities, which happens to fall near the centered Se atom. The results for CdSe nanocrystals that are Se-centered are summarized in Tables III and IV. The dipole moments in the xϪy plane are very small for nanocrystals that are Se-centered. This is not the case for cell-centered nanocrystals which can have finite dipole moments in the xϪy plane. Both Cd 68 Se 69 and Cd 232 Se 251 have dipole moments that are comparable to the screened experimental values of Guyot-Sionnest and co-workers, 25, 26 while Cd 83 Se 81 has the largest ͑among the structures studied here͒ dipole moment along the z direction. In general, we do not find any systematic behavior of the dipole moment as we vary the nanocrystal size. The dipole moment strongly depends on the detailed structure of the nanocrystal, and may vary significantly upon small structural changes. We also find that there are no correlations between the surface termination and the direction or magnitude of the dipole moment. We also carried out calculations for a zincblende crystal structure, and found vanishing dipole moments in all three directions.
The large value of the dipole moment can result from the lack of inversion symmetry in hexagonal nanocrystals, 108 or from charge localized on the surface ͑surface states͒. Our results support the classical model of Huong and Birman 108 who argue that the spontaneous polarization and large dipole moments in nanocrystals is due to lack of inversion symmetry in hexagonal nanocrystals. A close examination of the structure of Cd 83 Se 81 reveals the fact that it is highly symmetric along the z direction ͑it has a plane of symmetry for Cd atoms and for Se atoms separately͒ so that the dipole of each unit cell of the hexagonal crystal structure adds up to give a large value for the dipole moment ͑the same is true for Cd 20 Se 19 ). This is not the case for the other two nanocrystals (Cd 68 Se 69 and Cd 232 Se 251 ), and it appears that there are some structural cancellations that decrease the dipole moment along the z direction. We also modified the ligand potential used to model the passivation of the surface atoms and found that the dipole moment is almost insensitive to the value of the potential at the surface. This strongly suggests that the dipole moment is a structural property of hexagonal CdSe nanocrystals and not due to the presence of an electron localized on the surface.
Regarding the second moment of the charge density ͑the quadrupole is given in terms of the elements of the second moment͒, the diagonal elements seem to follow a more systematic trend with increasing nanocrystal size, i.e., the second moment of the charge density increases with size. The off-diagonal elements are smaller by at least two orders of The values of the second moment of the charge density along the different directions are similar in most cases, reflecting the spherical shape of the nanocrystals. Nevertheless, these particles are highly anisotropic due to the large dipole moment along the c axis.
D. Electronic polarizabilities
The electronic polarizabilities of the CdSe nanocrystals are calculated using a finite-field method. [109] [110] [111] We add an external electrical field into the Hamiltonian by adding one term to the effective empirical potential
where Ĥ is the empirical pseudopotential Hamiltonian given by Eq. ͑1͒, and F is the applied electric field. The polarizability is defined by
where i are the dipole moments along the iϭ͕x,y,z͖ axes. The different elements of the polarizability tensor are obtained by applying a finite field in the x, y, and z directions. In Fig. 7 we plot the value of the dipole moment as a function of the applied external field for three nanocrystals. It is clear that the results are well inside the linear response regime, and that the direction of the induced dipole is in the direction of the applied external field. We must point out that we did not relax the ionic positions in the finite field calculations, and thus obtain only the electronic polarizability. Unlike the results for Si and GaAs, 111 which indicate that the ionic relaxation affects the calculated polarizabilities only within 2% to 3%, we expect that the ionic polarizability of CdSe will definitely contribute to the total polarizability.
The diagonal elements of the polarizability tensor are then calculated from the slopes of a linear fit to the results shown in the Fig. 7 . The values are summarized in Table V, along with the averaged polarizability, ͗␣͘ϭ 1 3 (␣ xx ϩ␣ yy ϩ␣ zz ), which is the property measured in experiments. We also include the electronic polarizability of the bulk estimated from the Clausius-Mossotti relation, using ⑀ ϱ bulk ϭ6.2. Surprisingly, the polarizabilities are very similar along the three direction, and it seems that the large dipole along the c axis does not influence the polarizability along this direction ͑this reflects the spherical shape of the nanocrystals͒. The electronic polarizability per atom slightly increases with increasing nanocrystal size concomitant by the decrease in the energy gap. Our results are consistent with those of Wang and Zunger 54 for the dielectric constant of CdSe nanocrystals ͑for Cd 83 Se 81 , which is a nanocrystal common to both studies, we obtain a dielectric constant of 4.86 using the Clausius-Mossotti relation, which is in excellent agreement with the direct calculation of Wang and Zunger͒. Hence, the total electronic polarizability increases approximately with the volume of the nanocrystal. The off diagonal elements of the polarizability tensor are typically smaller by at least two orders of magnitude than the diagonal elements, and therefore, are not given in the table.
E. Long range electrostatic and dispersion interactions
An interesting spinoff of the current results is directly related to the long range interactions between two nanocrystals. Since hexagonal CdSe nanocrystal may have a large dipole moment, it is possible that the dominant interaction term between two CdSe nanocrystals is given by the electrostatic interaction and not by the dispersion interaction expected for large particles. 112 Indeed we find that for neutral CdSe nanocrystals with hexagonal crystal structure the dipole-dipole electrostatic interaction term, which depends on R Ϫ3 ͑where R is the distance between the centers of the two nanocrystals͒ is the dominant interaction term at large interparticle separations (Ϸ5 times the size of the particles͒ for all nanocrystals studied in this work. It is by far larger than the dispersion interactions ͑van der Waals interactions͒, which scale as R Ϫ6 and depend on the total polarizability of the nanocrystals at large separations. We also find that at separations which are on the order of the nanocrystal size the dipole-quadrupole (R Ϫ4 ), and dipole-octupole, and quadrupole-quadrupole (R Ϫ5 ) interaction terms are compa- rable in size to the dipole-dipole interaction term. This situation in which the electrostatic interactions are stronger than the dispersion interactions is very similar to the case of water which also has a large dipole moment. Hence, the interactions between hexagonal CdSe nanocrystals are typical of molecular type interaction and not of the Hamaker 112 ͑dis-persion͒ interactions expected for large particles.
Our current picture is only valid for large separations between the nanocrystals compared to the size of the particles. However, understanding various collective properties, such as the self-assembly of nanocrystals 113, 114 or the formation of crystals of nanoparticles, 115 requires a more rigorous study of the interactions between nearby ͑or almost touching͒ nanocrystals. At this point it is still an open question whether the electrostatic will dominate over the dispersion also at short separations.
IV. THE EFFECT OF THE SURROUNDINGS
We study the effects of the surroundings on various electronic properties of CdSe nanocrystals using the reaction field continuum model. 69, 70 We diagonalize the one electron pseudopotential reaction field Hamiltonian ͓Eq. ͑20͔͒ iteratively using the eigenstates of the isolated nanocrystal, until the convergence of the eigenvalues is within 10 Ϫ4 of their initial values. This requires at most 3 to 4 iterations. For nanocrystals with diameter above 20 Å we carried out only three iterations that converge the eigenvalues to within 10
Ϫ3
of their initial value. The use of the isolated eigenstates as a basis set to study the effects of the surroundings is advantageous for the size of nanocrystals studied in this work, since the direct diagonalization of the Hamiltonian within this subspace is faster than performing the filter-diagonalization step in each iteration. However, since this procedure scales with the cube of the number of basis functions, for larger nanocrystals a direct filter-diagonalization procedure at each iteration will be faster. The number of Legendre polynomials used in the one-electron pseudopotential reaction field Hamiltonian ͓Eq. ͑20͔͒, depends on the particular grid point (r), and is chosen to converge the value of the potential at that given grid point to within 10 Ϫ8 of its initial value. For grid points near the edge of the sphere we use more than 5000 Legendre polynomials, however a more typical value is below 50.
A. Collective state properties
The changes in the total electronic charge density are very small with increasing dielectric constant ⑀, and cannot be seen on the scale of Figs. 5 and 6. The individual states do mix, however, and as expected, the largest effect on the energy shifts are obtained for states that are near the surface. We did not find any states well inside the band gap, but some surface states do appear near the valence band maximum. These surface states may leak into the gap, depending on the magnitude of the dielectric constant outside the nanocrystal, and on the magnitude of the interaction between the nanocrystal and its surroundings. We believe that the appearance of these surface states depends strongly on the details of the surface passivation, and for other passivation potentials the nature of these states may change. We return to this point below when we discuss the absorption spectrum.
In Figs. 8 and 9 we show the dependence of the first and second moments of the charge density on the dielectric constant (⑀) outside the nanocrystal sphere for two different cutoff radii (R c ). The results are shown for three nanocrystals that are Se-centered, and thus have dipole moments only along the z direction. These values are chosen to cover the range of dipoles from relatively small values (Cd 68 Se 69 ) to large values (Cd 83 Se 81 ), and a range of sizes. We use cutoff radii in the reaction field calculations which are larger than the nanocrystal radii to incorporate the effect of the ligand passivation layer. Since the exact passivation width is unknown, we study the solvation as a function of this width by changing the cutoff radius (R c ).
Even though the change in the electronic charge density is extremely small (Ϸ1% -3%), we observe a change of up to 15% in the dipole moments ͑Fig. 8͒. The absolute value of the dipole moment increases with increasing dielectric constant for all the nanocrystals studied here. The relatively large change in the dipole moment is directly related to the large size of the nanocrystals. The dipole moment is given by ϭ͐dx(x)x, where (x) is the total charge density ͓cf. Eq. ͑21͔͒. The small changes in the electronic charge density are amplified in the dipole calculations due to the large values of x. Moreover, these nanocrystals have a large surface area, and thus even very small changes in the charge at the surface give rise to fairly large changes in the dipole moment. Similar arguments also apply in explaining the behavior of the second moment of the charge density shown in Fig. 9 .
The effect of the width of the passivation layer on the first and second moments of the charge density is also evident in Figs. 8 and 9. For simplicity we assume that the dielectric constant in the passivation layer is ⑀ϭ1. This implies that the change in the passivation layer is modeled by a change in the cutoff radius used in the reaction field calculations. The smaller the width of the passivation layer, the larger is the interaction of the nanocrystals with its surroundings, and hence the larger are the changes in the multipole moments.
Despite the large dipole moments of hexagonal CdSe nanocrystals, the total ground state is not very polarizable ͑for comparison, the dipole moments of water changes from 1.85 D in the gas phase to 2.5 D in liquid phase͒. In general we find two major effects that influence the change in the multipole moments with the dielectric constant outside the nanocrystal -the variation in the nanocrystal size and the magnitude of its multipoles. The variation in size gives rise to variations in the surface area. Large nanocrystals have large surface area, and thus larger contributions to the changes in the multipole moments due to changes in the surface charge. The other effect is related to the interaction potential between the nanocrystal and its surroundings which is directly proportional to the multipole moments ͓cf. Eq. ͑16͔͒. Hence, nanocrystals with larger multipoles will have larger changes in the electronic charge density, and thus larger changes in the multipole moments as one varies ⑀.
B. Single state properties
So far we have discussed the solvation effects on the total ground state electronic properties, and also described qualitatively the effects of the surroundings on single valence states which are localized near the surface. In this subsection we focus on single excited states, such as the LUMO, which can be much more polarizable, and the results shown in this subsection support this prediction.
In Fig. 10 we plot the energy shifts ͓⌬EϭE LUMO (⑀) ϪE LUMO (⑀ϭ1)͔ of the LUMO as a function of the dielectric constant outside the nanocrystal. The magnitude of the energy shifts increases with increasing dielectric constant for all four nanocrystals shown in the figure. We also calculate the average energy shifts for the valence states, which are different from the energy shifts observed for the LUMO state. Therefore, we can conclude that the energy shifts of the LUMO are a combination of the solvation of the nanocrystal and the changes observed in the single electronic LUMO wave function.
The smallest energy shifts are observed for Cd 68 Se 69 , due to the relatively small dipole moment of this nanocrystal. On the other hand, we find large energy shifts (Ϸ1 eV͒ for Cd 83 Se 81 which has the largest dipole moment among the nanocrystals studied here. The screening effect of the passivation layer is also evident in the lower panel of Fig. 10 , where we plot the energy shifts of Cd 20 Se 19 for two different values of the cutoff radius. The screening due to the passivation layer increases with increasing cutoff radius resulting in a decrease in the energy shift. We note that the energy shifts observed for the LUMO are comparable in size to the quantum confinement effect.
An even more dramatic effect occurs for the integrated LUMO probability along the z direction, which is shown in Fig. 11 for the three larger nanocrystals. The unperturbed LUMO is delocalized over the nanocrystal. The changes in the integrated LUMO probability along the z direction are relatively small for Cd 68 Se 69 . However, we find that the LUMO of Cd 83 Se 81 has a tendency to localize on the surface, on the side opposite to the direction of the dipole moment. This occurs only for large enough dielectric constants, and for ⑀ϭ2 the LUMO is still a very delocalized state. We note that similar qualitative effects have been observed for semiconductor quantum dots within the effective mass approximation. 31 However, there are quantitative differences between our molecular model and the predictions made based on the effective mass approximation, mainly with respect to the extension of the LUMO outside the nanocrystal radius, and with respect to the direction in which the LUMO moves.
We also examine the effects of the surroundings on the properties of an excess electron in CdSe nanocrystals. For simplicity we assume that the excess electron occupies the LUMO state, and we carry out similar calculations for the resultant charged nanocrystal. These calculations differ from those of the neutral system in that the total charge density entering the reaction field Hamiltonian includes a contribution from a single electron in the LUMO. Although the results for the charged system are essentially the same as those for the neutral system, the effects of the surroundings are somewhat more pronounced. We find that the multipole moments of the charged system are somewhat larger than those of the neutral system. This leads to slightly larger localization of the excess electron on one side of the nanocrystal. Furthermore, the energy shifts of the excess electronic state are larger than those of the LUMO state, due to the solvation effect of the extra charge. We do not show the results for the excess charge here since they are qualitatively the same as those for the neutral system.
C. Absorption spectrum
The absorption spectrum of the nanocrystal is proportional to the imaginary part of the dielectric constant and is given in terms of the dipole transition matrix elements (
where E f i ϭE f ϪE i is the transition energy, the dipole transition matrix elements take the form M f i ϭ͗ f ͉p͉i͘, and p is the momentum operator. In the above equation f and i denote final and initial states, respectively. In Fig. 12 we show the absorption spectra of Cd 68 Se 69 and Cd 151 Se 147 for three values of the dielectric constant outside the nanocrystals. The dominant feature of the absorption spectrum in the absence of a dielectric medium outside the nanocrystal is the presence of a few absorption peaks near the band gap energy ͑solid line in both panels͒ characteristic of molecular spectra. These peaks were also observed in previous studies, 11, 54 and are absent from nanocrystals made from indirect-gap materials such as Si. 52 There are two main features that are due to the interaction between the nanocrystal and the environment. The first is related to the broadening and overlap of these individual peaks. As the dielectric constant outside the nanocrystal increases the overlap between the peaks increases until the peaks disappear. This broadening is not associated with the lifetime of the states, but its origin is in changes observed for the oscillator strength due to the coupling to the surroundings. The other feature is the appearance of states inside the band gap. These are not ''pure'' surface states, however, they are localized near the surface along the preferred z direction, and thus are referred to as ''quasi surface states.'' FIG. 11 . Plots of the normalized integrated probability of the LUMO along the z axis. The solid, dotted, and dashed lines are for ⑀ϭ1, ⑀ϭ2, and ⑀ ϭ8, respectively. The cutoff radii used in the reaction field calculations are 12.7, 13.2, and 15.9 Å for increasing nanocrystal size. Note the localization of the integrated probability for Cd 83 Since the LUMO is also localized along the z direction, the overlap of these quasi surface states with the LUMO is stronger and can be detected by absorption spectroscopy. The presence of surface states in the gap depends strongly on the passivation of the surface and on the interactions with the environment as clearly can be seen in the figure. We note that surface states have been reported for CdSe quantum films 116 and for CdSe nanocrystals 117 using conductance spectroscopy and other complementary methods. 118 The appearance of surface states inside the gap for CdSe nanocrystals was shown to strongly depend on the wetting of the surface.
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V. CONCLUDING REMARKS
We have carried out a detailed study of the electronic properties of CdSe nanocrystals in the absence and presence of a dielectric medium outside the nanocrystal. Our calculations were based on the empirical pseudopotential method, which was modified to describe the finite nanocrystal system. We developed a self-consistent reaction field method to be used with the empirical pseudopotential Hamiltonian. To reduce the computational cost of the calculations, we have restricted our pseudopotential to be a local one, such that the corresponding Hamiltonian has a relatively small energy range.
The solution of the one-electron effective pseudopotential Hamiltonian was made possible by the implementation of the filter-diagonalization method ͑as far as we know this is the first electronic structure study using this method͒. We have modified the method by using a Newton interpolation polynomial instead of the Chebyshev polynomial for the filter operator, and as a results of this change, the method has become more flexible in terms of changing the filter function. Of course, the Newton interpolation polynomial has other advantages such as treating non-Hermitian Hamiltonians, in which case the interpolation points have to be chosen to reside in the complex plane. 120 The filterdiagonalization method was shown to provide an excellent framework to carry out the electronic structure calculation, in particular if one is interested in a narrow set of eigenstates, such as the HOMO and the LUMO which specify the band gap.
The first set of calculations was performed on isolated CdSe nanocrystals. The electronic properties of the nanocrystals were characterized in terms of the charge density, the multipole moments and the electronic polarizability. The valence electronic charge was found to be mainly localized near the Se atoms in agreement with predictions of density functional calculations on bulk CdSe. We find very large dipole moments for hexagonal CdSe nanocrystals along the c axis, which strongly depend on the exact structure of the nanocrystal and may vary significantly upon small structural changes. We have shown that the large dipole moment is present due to the lack of inversion symmetry and not due to the presence of a surface charge. For some structures we obtained rough agreement with the experimental screened values of the dipole moment measured by Guyot-Sionnest and co-workers. 25, 26 The second moments of the charge density as well as the polarizabilities seem to follow a more systematic trend with changing nanocrystal size. In the context of long range interactions between nanocrystals, our results provide, for the first time, a quantitative description for the electrostatic and dispersion interactions between CdSe nanocrystals, which are important in understanding collective properties of CdSe nanocrystals. An important conclusion is that for hexagonal CdSe nanocrystals the multipole interactions are more important than the dispersion interactions for large interparticle separation.
We next developed a self-consistent reaction field method and applied it to study the effects of the surrounding on collective and single state properties of CdSe nanocrystals. The interaction of the nanocrystals with the dielectric environment increases with the magnitude of its multipole moments, and in particular the dipole moment. The valence electronic charge density depends weakly on the dielectric constant outside the nanocrystal, however, due to the large size of the particles, the multipole moments vary in a more pronounced way. Single state such as the LUMO tends to strongly localize at the surface of the nanocrystal opposite to the direction of the dipole moment when the nanocrystals were embedded in a moderate dielectric medium. We found that there is a correlation between the size of the dipole moments and the localization effect, i.e., for nanocrystals with small dipole moments, the LUMO remained delocalized over the hole nanocrystal range. Similar effects were observed for an excess electron which was assumed to occupy the LUMO of the neutral system. We have also showed the effects of the dielectric medium on the absorption spectra. The individual absorption peaks near the band gap were broadened by the dielectric medium, and quasi surface states that can be detected by absorption spectra appear inside the band gap.
This work presents a first attempt to study the effects of a surrounding polar environment on electronic properties of CdSe nanocrystals using a detailed molecular model for the nanocrystal. Our results indicate the importance of including the surroundings in the study of hexagonal CdSe nanocrystals, which have a finite dipole moment along the c axis. They also imply that other nanocrystals ͑such as GaP, CdS, and Si͒ with crystal structures that belong to a higher symmetry point group will not interact strongly with their environment. Further work along the directions presented in this work is currently in progress.
